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24 M. Elhiti, C. Stasollameristem reactivation. These opposite behaviors were related to differential levels of endogenous
cytokinins and abscisic acid (ABA), as well as the expression of genes regulating meristem activity.
Low levels of ABA and increased accumulation of the cytokinins trans-zeatin-O-glucoside (t-ZOG),
cis-zeatin-O-glucoside (c-ZOG), trans-zeatin riboside (t-ZR), and isopentenyladenosine (iPA) were
measured in seedlings of Arabidopsis plants over-expressing the Brassica STM. This was in contrast
to BnCLV1 over-expressors which had very low levels of cytokinins. During the early phases of
meristem reactivation the expression of the Arabidopsis AtKNAT6, AtWUSCHEL, and AtCUP-
SHAPED COTYLEDON-1 was induced by the introduction of the Brassica STM whereas that
of AtCLAVATA 3 was inhibited. An opposite expression proﬁle was measured in lines ectopically
expressing BnCLV1. Other phenotypic abnormalities observed in Arabidopsis plants over-express-
ing the Brassica STM included lobed leaves, ectopic meristems, and increased number of reproduc-
tive organs, i.e. ﬂowers and siliques. The introduction of BnZLL-1 and -2 did not cause major
developmental abnormalities.
ª 2012 Academy of Scientific Research & Technology. Production and hosting by Elsevier B.V.
All rights reserved.1. Introduction
Over the past few years formation andmaintenance of the shoot
apical meristem have been the subject of many studies. The
Arabidopsis shoot apical meristem (SAM) is regulated by a set
of key genes, including SHOOT MERISTEMLESS (STM),
CLAVATA 1 (CLV1), WUSCHEL (WUS), and ZWILLE
(ZLL), which establish and maintain the characteristic layering
and zonation patterns of the apical pole [12,31]. TheArabidopsis
STM is a member of the class-1 KNOX homeodomain-contain-
ing proteins [21] required for the formation and maintenance of
the SAM by retaining a pool of undifferentiated cells at the api-
cal pole [1]. Structural abnormalities, including the terminal dif-
ferentiation of the apical cells, are observed in the shoot
meristems of stm plants which are not able to reactivate and
grow post-embryonically [10]. Proper expression ofSTMwithin
the SAM is ensured by ZLL [26], a member of the ARGONA-
UTE (AGO) family, which are involved in the formation of
RNA-induced silencing complexes in both animal and plants
[4]. Unlike STM which is needed for the development of the
embryonic SAM and its post-embryonic activity, ZLL is only
implicated in the formation of the SAM during embryogenesis.
Genetic studies showed that zll embryos fail to develop proper
meristems; however, adventitious SAMs originating between
the cotyledons ensure post-embryonic development [22,26].
Proper maintenance of SAM activity also relies on the feedback
mechanism of the WUS-CLV signaling. WUSCHEL is a
homeobox gene encoding a transcription factor which regulates
the ‘‘organizing center’’ of the SAM by maintaining a reservoir
of undetermined cells [23]. The expression of WUS is repressed
by the CLV signaling upon the interaction of CLV3 with the
receptor kinase complex (CLV1 and CLV2, reviewed in [8]).
A mutation of any CLV members, including CLV1, disrupts
the balance between cell division and differentiation within
the SAM resulting in enlarged meristems and atypical expan-
sion of the WUS domain [29]. According to Clark et al. [7]
the role of CLV1 is to promote the differentiation of the meri-
stematic cells thereby reducing the pool of undifferentiated stem
cells.
It is not fully understood whether this complex genetic net-
work regulating SAM formation in vivo also operates during
the development of the shoot meristem in vitro. Several studies
conducted during microspore-derived embryogenesis in Bras-
sica napus which is one of the preferred in vitro systems ableto provide a large number of synchronized microspore-derived
embryos (MDEs), have shown remarkable differences between
SAMs produced in vivo and in vitro [3,27,34]. Abnormalities
in the shoot meristems of B. napusMDEs, such as vacuolation
or differentiation of meristematic cell, have been associated to
poor post-embryonic growth and failure to regenerate vigorous
plants [3]. It is therefore apparent that a better understanding of
the molecular mechanisms governing SAM formation in vitro
would be extremely valuable for improving propagation of
numerous species including Brassica. An initial approach to-
wards this end would involve the isolation of the Brassica
SAM marker genes and their characterization through over-
expression studies inArabidopsis (given the poor transformation
efﬁciency observed in embryogenic Brassica lines) in order to
ascertain how they affect in vitro and in vivo development.
In our previous studies [9] we have identiﬁed the Brassica
genes homologous to the Arabidopsis STM, CLV1, and ZLL
and assessed the effect of their ectopic expression during
Arabidopsis in vitro development. The number of both
embryogenic cells and somatic embryos increased in lines
over-expressing the Brassica STM, but decreased in
lines over-expressing the Brassica CLV1. As a continuation
of that study, the present works examines how the ectopic
expression of the Brassica STM, CLV1 and ZLL in Arabidop-
sis affects in vivo development, with speciﬁc attention to the
reactivation of the embryonic meristem at germination. Gene
expression studies and hormone analyses are also conducted
in relation to the phenotypes of the transformed plants.2. Materials and methods
2.1. Plant material and treatments
Transgenic Arabidopsis plants ectopically expressing the
B. napus BnSTM (GU480584), Brassica rapa BrSTM
(GU480585), Brassica oleracea BoSTM (AF193813), BnCLV1
(GU480585), BnZLL-1 (EU329719) and BnZLL-2
(GU731230) were generated as described by Elhiti et al. [9].
The lines (L) used in this study were 35S::BnSTM (L5, 8,
and 23); 35S::BrSTM (L5, 15, 21), 35S::BoSTM (L5, 7, 11,
and 33), 35S::BnCLV1 (L12, L13, and L19), 35S::BnZLL-1
(L2 and 16), and 35S::BnZLL-2 (L8 and 16) (Supplementary
Fig. 1). Some of these lines (35S::BoSTM L5 and L7,
Abnormal development and altered hormone proﬁle and sensitivity in Arabidopsis plants 2535S::BrSTM L15 and L21, 35S::BnZLL-1 L2, and
35S::BnZLL-2 L8 and L16) were also used in previous studies
[9]. All experiments were performed using homozygous T4
plants.
The reactivation of the embryonic shoot apical meristem in
transformed lines was estimated by germinating the Arabidop-
sis seeds on 1/2 MS medium containing 1% sucrose, and count-
ing the number of 5 day old seedlings which displayed newly
formed leaf primordia.
2.2. Expression studies in Arabidopsis
Expression studies in Arabidopsis were carried out using semi-
quantitative reverse transcriptase (RT)-PCR. Primers and num-
ber of cycles are listed in Table 4. The expression levels of AtK-
NAT6, AtWUS, AtCUC1, and AtCLV3 were measured in the
aerial part (seedling without roots) of 4 day-old Arabidopsis
plants germinated on 1/2 MS medium containing 1% sucrose.
To detect differences in transcript levels, ampliﬁcation for each
reaction was performed when the PCR product was accumulat-
ing exponentially with respect to cycle number. The PCR prod-
ucts were separated on a 1% agarose gel and quantiﬁed (relative
to the internal control gene ubiquitin UBQ10) using an image
analyzer (Alpha Innotech Technology).
2.3. Histological studies
Histological studies were performed exactly as described by
Yeung [33].
2.4. Hormone analyses and sensitivity in Arabidopsis plants
over-expressing the Brassica genes
For hormone analyses, 3 week-old shoots from Arabidopsis
wild type plants and plants over-expressing BoSTM (line 5)
and BnCLV1 (line 12) were collected and lyophilized. The
plant hormone analysis was performed at the National
Research Council of Canada – Plant Biotechnology Institute,
Saskatoon, Canada (http://www.nrc-cnrc.gc.ca/eng/facilities/
pbi/plant-hormone.html) by high performance liquid chroma-
tography electrospray tandem mass spectrometry (HPLC-ES-
MS/MS) using deuterated internal standards, as described pre-
viously [5,15].
Sensitivity to ABA and 2,4-D was assayed by performing
germination and root growth tests as outlined in Weigel and
Glazebrook [32].
2.5. Statistical analysis
Unless speciﬁed, all experiments were performed using at least
three biological replicates and the Tukey’s Post-Hoc test for
multiple variance [35] was used to compare differences among
samples.3. Results
3.1. Reactivation of the shoot apical meristems in Arabidopsis
plants over-expressing the Brassica genes
Given the very low efﬁciency ofB. napus transformation, the ef-
fects of ectopic expression of the four Brassica genes duringdevelopment were analyzed in Arabidopsis. Compared to the
SAM of WT Arabidopsis zygotic embryos (Fig. 1A1), the ecto-
pic expression of the B. napus BnCLV1 resulted in the develop-
ment of small SAMs (which also accumulated storage products)
(Fig. 1A2). The introduction of BnSTM induced the formation
of dome-shapedmeristems which were often composed by a lar-
ger cluster of meristematic cells (Fig. 1A3). No effects on embry-
onic meristem size or shape were noticed in Arabidopsis plants
over-expressing BnZLL-1 and -2, which showed a WT pheno-
type. These structural differences resulted in alterations in the
rate of meristem reactivation. Overall SAM reactivation at ger-
mination was delayed by the introduction of BnCLV1 and
accelerated by the over-expression of BnSTM (Fig. 1B). This
faster meristem reactivation was also observed by over-express-
ing the STM orthologs from B. oleracea (AF193813) and B.
rapa (GU480585) (denoted as BoSTM and BrSTM, respec-
tively), which are the progenitor species of B. napus and share
a high degree of amino acid sequence similarity with BnSTM
(97% for BrSTM, and 99% for BoSTM) [9].
3.2. Expression analysis of SAM-related genes in the
Arabidopsis lines ectopically expressing the Brassica genes
The expression level of several SAM-related genes was
measured in the shoot of some transformed Arabidopsis lines
after 4 days of germination. The introduction of Brassica
STM activated the expression of the Arabidopsis AtKNAT6,
WUSCHEL (AtWUS) and CUPSHAPED COTYLEDON-1
(AtCUC 1), whereas an opposite trend was observed in the
BnCLV1 over-expressing line (Fig. 2). A less pronounced
increase in expression of the three genes was also noticed in
Arabidopsis lines ectopically expressing BnZLL-1 and -2. The
expression of the Arabidopsis CLAVATA 3 (AtCLV3) was
repressed by the introduction of the Brassica STM, whereas
it increased in lines over-expressing BnCLV1 and BnZLL-2
(Fig. 2).
3.3. Post-embryonic development of the Arabidopsis lines
ectopically expressing the Brassica genes
Similar phenotypic deviations from WT were observed
among all the Arabidopsis lines over-expressing the Brassica
STM ( 35S::BnSTM, BoSTM, and BrSTM), although the
most severe phenotypes were obtained in BoSTM over-
expressors. This might reﬂects some orthological differences
among the Brassica genes, which will be addressed in future
studies. In Arabidopsis lines with the highest BoSTM expres-
sion, such as line 33 (Supplementary Fig. 1) ectopic shoots
(31) and small lobed leaﬂets (32) emerged from the adaxal
side of the rosette leaves. These lines were sterile and elim-
inated from further characterization. Compared to WT, lines
over-expressing the Brassica STM produced small lobed and
serrated leaves (Fig. 33, WT leaf on the left). In addition,
compared to WT plants (Fig. 34), the Brassica STM over-
expressors had larger inﬂorescences characterized by more
ﬂowers (35) and curved siliques (36). A general increase in
the number of siliques and ﬂowers, as well as a reduction
in plant height was observed in almost all STM over-expres-
sors (Table 1).
A reduction in hypocotyl elongation and termination of the
SAM (37) was observed in Arabidopsis lines with higher expres-
sion levels of BnCLV1. Overall, the introduction of BnCLV1
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Figure 1 Phenotypic characterization of Arabidopsis lines ectopically expressing the Brassica STM, CLV1, ZLL-1 and -2. (A) Structure
of the shoot apical meristem (SAM) in WT cotyledonary embryos (1) and embryos expressing the Brassica CLV1 (2), and STM (3). The
meristematic cells of 35S::BnCLV1 embryos accumulated storage products (2, arrow). The SAM of BnZLL-1 and -2 over-expressing
embryos was similar to that of WT embryos (data not shown). Scale bars = 45 lm (B) Number of transformed Arabidopsis seedlings
producing leaf primordia after 5 days of germination. Values ± SE are means of at least three independent experiments. Stars indicate
values which are signiﬁcantly different from the WT value (P 6 0.05).
26 M. Elhiti, C. Stasollaresulted in a reduction in the number of ﬂowers, siliques and
cauline leaves (Table 2).
No major morphological differences were observed in Ara-
bidopsis lines ectopically expressing BnZLL-1 and -2, the only
exception being a reduced number of branches (Table 2).3.4. Hormone analysis in Arabidopsis lines ectopically
expressing the Brassica genes
Hormone analysis was conducted on 3 week-old shoots of three
Arabidopsis lines: WT, 35S::BoSTM (L5), and 35S::BnCLV1
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Figure 2 Expression levels measured by semi-quantitative RT-PCR of the Arabidopsis meristem-related genes AtKNAT6, AtWUS,
AtCUC1, and AtCLV3 in the transformed Arabidopsis plants after 4 days of germination. Values ± SE are means of three independent
experiments. Stars indicate values which are signiﬁcantly different from the WT value (P 6 0.05). The values of the transformed lines were
normalized to the value of WT plants set at 100.
Abnormal development and altered hormone proﬁle and sensitivity in Arabidopsis plants 27(L12), the last two selected as they exhibited the most severe
phenotypes among all the transformed lines. No ZLL over-
expressing lines were chosen as they did not show any major
phenotypic deviation from WT plants. Compared to WT,
the introduction of the Brassica STM in Arabidopsis plants
increased the endogenous levels of the cytokinins trans-
zeatin-O-glucoside (t-ZOG), cis-zeatin-O-glucoside (c-ZOG),
trans-zeatin riboside (t-ZR), and isopentenyladenosine (iPA).
Undetectable or low levels of cytokinins were measured in the
35S::BnCLV1 line (Table 3). Zeatin and dehydrozeatin were
below detectable levels in all the lines analyzed.Proﬁle of auxin metabolites showed a signiﬁcant increased
level of indole-3-acetic acid (IAA) in the 35S::BoSTM line.
IAA-alanine (IAA-Ala) was not detected in the three lines
whereas very low levels of IAA-aspartic acid (IAA-Asp) and
IAA-glutamic acid (IAA-Glu) were measured.
Compared to the other lines analyzed, the Arabidopsis line
over-expressing the Brassica STM had lower endogenous
levels of abscisic acid (ABA), dehydrophaseic acid (DPA),
and phaseic acid (PA). The highest concentration of DPA
was measured in the 35S::BnCLV1 line. 70-hydroxy-ABA (70-
OH-ABA) was below detectable levels (Table 3).
1 2
54 6 7
3
5
Figure 3 Production of ectopic meristems (1, arrow) or lobed leaves (2, arrow) from the 35S::BoSTM line 33 characterized by the highest
expression level of the transgene. The introduction of the Brassica STM also resulted in the production of abnormal leaves. Compared to
WT, lines ectopically expressing the Brassica STM produced lobed and serrated leaves (3, WT leaf on the left). In addition, compared to
WT (4) the introduction of the Brassica STM induced the formation of larger inﬂorescences (5), and curved siliques (6). Termination of the
SAM with a determined stem-like structure (arrow) was often observed in lines ectopically expressing BnCLV1 (7).
Table 1 Phenotypic characterization of lines over-expressing the Brassica napus (Bn), B. rapa (Br), and B. oleracea (Bo) STM. Values,
expressed as a percentage (WT values set at 100%), are average ± SE of at least three independent experiments. H. plant height; B.
branches; S, siliques; CL. cauline leaves; RL. rosette leaves; F. ﬂowers.
WT BnSTM
L5
BnSTM
L8
BnSTM
L23
BrSTM
L5
BrSTM
L15
BrSTM
L21
BoSTM
L5
BoSTM
L7
BoSTM
L11
H 100 81.1
(±4.6)
80.76
(±8.4)
86.59
(±5.5)
83.1
(±7.3)
91.6
(±5.4)
86.4
(±7.2)
74.6
(±9.8)
70.7
(±5.9)
80.1
(±7.1)
B 100 110
(±10.3)
116.1
(±10.5)
106
(±8.9)
122.6
(±10.9)
119.3
(±14.3)
130.5
(±9.2)
98.4
(±6.7)
103.6
(±9.6)
105.6
(±10.2)
S 100 149.27
(±10.3)
158.16
(±10.2)
159.72
(±9.7)
161.3
(±11.9)
159.7
(±11.6)
160.1
(±13.7)
110.3
(±9.8)
97.6
(±10.2)
119.3
(±9.7)
CL 100 98.27
(±8.2)
102
(±7.6)
96.5
(±6.3)
97.6
(±12.3)
109
(±8.9)
115.3
(±7.9)
72.3
(±6.2)
69.4
(±7.8)
68.7
(±6.8)
RL 100 100.5
(±12.2)
80.75
(±9.8)
90.79
(±9.7)
113.4
(±10.2)
98.2
(±7.9)
93.7
(±6.9)
109.6
(±13.2)
117
(±10.2)
98.9
(±14.2)
F 100 163.79
(±12.2)
161.49
(±16.3)
175.1
(±14.2)
169.3
(±7.9)
178.6
(±13.2)
168.7
(±15.6)
103.3
(±8.9)
87.2
(±10.3)
124.1
(±4.6)
Table 2 Phenotypic characterization of lines over-expressing the Brassica napus CLV1, ZLL-1 and -2. Values, expressed as a
percentage (WT values set at 100%), are average ± SE of at least three independent experiments. H. plant height; B. branches; S,
siliques; CL. cauline leaves; RL. rosette leaves; F. ﬂowers.
WT BnCLV1 L1 BnCLV1 L3 BnCLV1 L9 BnZLL-1 L2 BnZLL-1 L16 BnZLL-2 L8 BnZLL-2 L16
H 100 109.5 (±10.9) 104.7 (±9.8) 113.61 (±14.6) 79.6 (±8.3) 85. 8 (±6.3) 90.4 (±8.9) 91.3 (±10.3)
B 100 107.7 (±18.3) 105.1 (±9.3) 143.7 (±10.7) 76.8 (±13.8) 52.5 (±8.8) 65.4 ±(11.3) 67.4 (±4.5)
S 100 87.9 (±1.3) 85.8 (±6.9) 78.7 (±7.8) 92.2 (±12.3) 91.9 (±8.1) 96.3 (±7.5) 90.5 (±6.3)
CL 100 67.6 (±10.1) 78.2 (±9.7) 90.5 (±8.9) 97.4 (±11.6) 104.1 (±16.3) 99.5 (±13.6) 104.8 (±15.5)
RL 100 86.8 (±8.9) 86.8 (±8.3) 100.5 (±9.1) 105.7 (±13.6) 98.8 (±8.9) 100.8 (±7.9) 99.6 (±9.3)
F 100 82.1 (±13.5) 73.7 (±8.4) 77.8 (±10.9) 98.5 (±11.3) 98.8 (±7.1) 95.5 (±12.3) 90.7 (±9.3)
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Table 3 Hormone proﬁles of Arabidopsis shoots ectopically expressing the Brassica oleracea SHOOT MERISTEMLESS (BoSTM)
(line 5) and the Brassica napus CLAVATA1 (BnCLV1) (line 12). Values ± SE are averages of at least three biological replicates and are
expressed as ng/gr dry weight. tZOG, trans-zeatin-O-glucoside; cZOG, cis-zeatin-O-glucoside; tZR trans-zeatin riboside; cZR, cis-
zeatin riboside; 2iP, isopentenyl adenine; iPA, isopentenyl adenosine; IAA, indole 3-acetic acid; IAA-Ala, indole 3-acetic acid alanine;
IAA-Asp, indole 3-acetic acid aspartate; IAA-Glu, indole 3-acetic acid glutamic acid; ABA, abscisic acid; DPA, dehydrophaseic acid;
ABA-GE, abscisic acid glucose ester; PA, phaseic acid; 7’-OH-ABA, 7’-hydroxyl abscisic acid. < indicates that signals were below the
limit of quantiﬁcation (LOQ deﬁned as signal/nose ratio greater than or equal to 8). ND stands for not detected (values were below
LOQ with a signal/noise ratio less than 3).
Cytokinins tZOG cZOG t-ZR c-ZR 2iP iPA
WT 28 ± 1 119 ± 2 9 ± 1 11 ± 0 20 ± 1 23 ± 1
BoSTM 45 ± 4a 274 ± 9a 94 ± 1a 12 ± 1 20 ± 0 60 ± 1a
BnCLV1 ND ND < 5± 0a < 10 ± 1a
Auxins IAA IAA-Ala IAA-Asp IAA-Glu
WT 147 ± 13 ND 11 ± 1 ND
BoSTM 254 ± 22a ND 14 ± 0 14 ± 1a
BnCLV1 138 ± 17 ND ND <
ABA metabolism ABA DPA ABA-GE PA 70OH-ABA
WT 102 ± 2 545 ± 7 157 ± 12 162 ± 4 ND
BoSTM 55 ± 1a 342 ± 8a 95 ± 18a 75 ± 5a ND
BnCLV1 109 ± 2 745 ± 62a 83 ± 2a 152 ± 13 ND
a Indicate values which are signiﬁcantly different from the WT value (P 6 0.05).
Table 4 Primer sets and number of cycles utilized to measure the expression levels of Arabidopsis genes by semi-quantitative PCR.
Gene Forward primers Reverse primers Cycles
Arabidopsis
KNAT6 50-AGCGGTTTCATATTATTCTTCTTCTTCA-30 50-AAAAGAGGTTATTTTTATTCACCG-30 27
CUC1 50-TTCTTCTTGTGCCGACAATG-30 50-TCAGAGAGTAAACGGCCACA-30 25
WUS 50-CCAGCAAGTTGTTTTCTTGC-30 50-CATCATAGAGATAAACGGTTGTCA-30 27
CLV3 50-TGGATTCGAAGAGTTTTCTGC-30 50-GAAAATCATGAGATATAATAGTGC-30 29
UBQ10 50-GATCTTTGCGGAAAACAATTGGAGGATGG-30 50-CGACTTGTCATTAGAAAGAAAGAGATAACAGG-30 21
Abnormal development and altered hormone proﬁle and sensitivity in Arabidopsis plants 293.5. Hormone sensitivity assays in the Arabidopsis lines
ectopically expressing the Brassica genes
Sensitivity to ABA was assayed in Arabidopsis lines over-
expressing the Brassica genes using a seed germination test.
A similar inhibition proﬁle with increasing concentrations of
ABA was observed for WT seeds, as well as seeds obtained
from several 35S::BnCLV1, BnZLL-1 and -2 lines (Fig. 4A).
Seeds over-expressing the Brassica STM showed a reduced
sensitivity to the inhibitory effect of ABA and a signiﬁcant per-
centage of germination was still measured at those ABA levels
precluding germination in WT seeds.
Root growth assays were performed to test the tissue sensi-
tivity to 2,4-D. Compared to WT, the rate of root growth was
generally higher in the Arabidopsis lines over-expressing
BnCLV1 and BnZLL-2. The introduction of the Brassica
STM increased sensitivity to high levels of 2,4-D, as estimated
by the reduced root growth (Fig. 4B).
4. Discussion
In Arabidopsis the function of the shoot apical meristem
(SAM) is regulated by the genetic interaction of several genes
including STM, CLV1 and ZLL. Alterations in their expres-
sion or localization patterns have negative consequences on
the establishment and maintenance of the SAM [8]. In our pre-
vious studies [9] we isolated the Brassica STM, CLV1 andZLL-1 and -2, established their homology with the respective
Arabidopsis genes, and assessed their function during in vitro
development. As a continuation of that study we sought to
establish their function during in vivo development, with spe-
ciﬁc attention to the reactivation of the embryonic meristem at
germination.
4.1. Meristem reactivation in the transformed lines: hormone
proﬁles
Ectopic expression of the Brassica STM and CLV1 in Arabid-
opsis inﬂuences the rate of SAM reactivation at germination,
with the former accelerating meristem conversion and the lat-
ter having an opposite effect (Fig. 1B). These results are novel
and can possibly be attributed to the different organization of
the embryonic SAMs observed in the transformed lines
(Fig. 1A). In Arabidopsis the role of AtSTM and AtCLV1
during SAM maintenance is well established but their ectopic
expression does not inﬂuence meristem reactivation [7]. Differ-
ences in meristem architecture and reactivation observed in
our study are most likely the result of altered endogenous lev-
els of cytokinins, which are required for the proliferation of
undifferentiated cells within the SAM [16]. The ectopic expres-
sion of the Brassica STM induced the accumulation of both
zeatin-type cytokinins (c- and t-ZOG), as well as tZR, and
iP-type cytokinins (iPA) (Table 3), whereas the concentrations
of free zeatin and dehydrozeatin were below detectable levels,
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30 M. Elhiti, C. Stasollaimplying a fast turnover to ZR. The increase in biologically ac-
tive cytokinins induced by the Brassica STM might be due to
the activation of adenylate isopentenyltransferase 7, the ﬁrst
enzyme involved in the biosynthesis of cytokinins in both the
methylerythritol phosphate and mevalonate pathways (re-
viewed in [14]). Adenylate isopentenyltransferase 7 is induced
in BoSTM over-expressing lines [9]. High levels of biologically
active cytokinins in plants over-expressing the Brassica STM
would enhance the structure of the SAMs and accelerate their
reactivation at the onset of germination. This notion is sup-
ported by several other studies including the work of Lindsay
et al. [19] who documented an increase in shoot meristem size
and functionality following exogenous cytokinin applications.
Besides the accumulation of biologically active cytokinins,
the low levels and reduced sensitivity to ABA (Table 3 and
Fig. 4) observed in lines over-expressing the Brassica STM,
might also be responsible for the quick reactivation of the api-
cal meristems at germination. The involvement of ABA in pre-
venting precocious germination is well documented and
Jacqmard et al. [13] have shown that elevated ABA concentra-
tion increases the time of DNA replication in the meristematic
cells of Sinapis alba and delays their proliferation during post-
embryonic growth.The smaller size of the embryonic SAM and the slower
meristematic reactivation observed in lines over-expressing
BnCLV1 can be the result of diminished levels of biologically
active zeatin-type and iP-type cytokinins (Table 3). Indepen-
dent studies have shown that a reduction in cytokinin biosyn-
thesis or perception [25] causes a reduction in meristem size.
The accumulation of storage products (Fig. 1A2) and the termi-
nation of the SAM post-embryonically (37) suggest a reduction
in the pool of undifferentiated cells within the meristem of lines
over-expressing BnCLV1.
4.2. Meristem reactivation in the transformed lines: gene
expression studies
Activity of the SAM in Arabidopsis is governed by the expres-
sion of a cluster of genes which include AtKNAT6, AtWUS,
AtCUC1 and AtCLV3. The faster meristem reactivation ob-
served in lines ectopically expressing the Brassica STM is asso-
ciated with the induction of AtKNAT6, AtWUS, and AtCUC1,
and the repression of AtCLV3 (Fig. 2). KNAT 6, a KNOTTED-
like gene, is required for the promotion of meristematic prolif-
eration [2] and also for the proper localization of CUC1, which
delimits the boundary of primordia produced in the peripheral
Abnormal development and altered hormone proﬁle and sensitivity in Arabidopsis plants 31zone of the SAM [11]. Elevated expression of both genes is asso-
ciated to an active SAM.Another gene induced by the introduc-
tion of the Brassica STM is AtWUS, which encodes a WOX-
class homeodomain transcription factor [23] required for main-
taining the meristematic cells in an ‘‘indeterminate’’ state by
counteracting the CLAVATA signaling, which includes CLV3
and promotes cellular differentiation (reviewed in [8]). High lev-
els of AtWUS would deﬁne a larger pool of undifferentiated
cells within the SAM which are able to proleferate quickly at
germination. The elevated expression of this gene in lines
over-expressing the Brassica STM is possibly regulated by the
high levels of biologically active cytokinins measured in these
plants, as also reported in other systems by Gordon et al. [11].
It can be speculated that the expression of this gene might also
be induced by IAA, which is increased by the introduction of the
Brassica STM (Table 3). The role of auxin as an inducer of At-
WUS has been documented in vitro [9]. It is not clear whether a
similar interaction occurs in vivo; however, the fact that the
speciﬁcation of the root quiescent center, demarked by the
expression ofWUS-like genes, requires elevated levels of auxin
[28], supports this notion.
In lines over-expressing BnCLV1, which are characterized
by low cytokinin levels and delayed SAM reactivation,AtWUS,
AtKNAT6 and AtCUC1 are repressed, whereas AtCLV3 is in-
duced. This expression pattern, opposite to that observed in
the Brassica STM over-expressors (Fig. 2) might contribute to
the poor functionality of the SAM. Genetic studies have shown
that low levels of AtWUS and high levels of AtCLV3 are
responsible for the differentiation of the meristematic cells
and their incorporation into lateral primordia, thus reducing
SAM functionality [17].
4.3. Post-germination phenotypes of the Arabidopsis lines over-
expressing the Brassica genes
The ectopic expression of the Brassica genes in Arabidopsis
also resulted in profound morphological aberrations during
vegetative and reproductive development, some of which phe-
nocopy those observed in plants over-expressing their respec-
tive Arabidopsis homologs. The introduction of the Brassica
STM in Arabidopsis favoured the production of ectopic
shoots, small lobed and serrated leaves, and curved siliques
(Fig. 3). Formation of ectopic meristems from leaf tissue was
also reported in other systems such as tobacco, soybean
and Arabidopsis over-expressing genes of the KNOX family,
which include STM [6,20,30]. The abnormalities in leaf and
silique morphology are consistent with the over-expression of
KNOX-1 genes [18,20], and are possibly related to the increas-
ing levels of cytokinins caused by the introduction of the
Brassica STM. Previous work [19] showed that curved siliques
can be induced by exogenous applications of cytokinins. Of
interest, these phenotypic abnormalities were not observed in
the Arabidopsis lines over-expressing the Brassica CLV1 which
besides having reduced levels of cytokinins showed the prema-
ture termination the shoot apical meristems (Table 3 and
Fig. 3).
Reproductive development was also affected by the intro-
duction the Brassica STM, which increased the number of both
ﬂowers and siliques compared to WT plants (Table 1). These
traits are novel and can also be associated to the observed
increase of biologically active cytokinins in the STM over-
expressors. Applications of exogenous benzyladenine increaseﬂower production and reduce the rate of ﬂower abortion in
soybean, possibly through the induction of ﬂoral organ identity
genes [19]. This was in contrast to the 35S::BnCLV1 lines show-
ing reduced levels of biologically active cytokinins and lower
numbers of reproductive organs (Tables 2 and 3). The ability
of STM to increase the number of reproductive organs is
noteworthy for future studies aimed at increasing seed yield
in oil-producing Brassica species.
The lack of a distinct phenotype (with the exception of
number of branches, Table 2) in the Arabidopsis lines over-
expressing the Brassica ZLL-1 and -2 agrees with other studies
using the Arabidopsis ZLL [22,24,26]. This suggests that
BnZLL, like its Arabidopsis ortholog, is not required for
post-embryonic development.
In conclusion, this work shows that the over-expression of
the Brassica STM, CLV1 and ZLL induces profound pheno-
typic changes during both embryonic and post-embryonic
development in vivo. While some of these changes are similar
to those produced by the ectopic expression of their respective
Arabidopsis orthologs, others are unique and might be the
consequence of profound alterations in endogenous hormone
levels, especially cytokinins, auxins, and ABA. The ability of
the Brassica STM and CLV1 to alter endogenous hormone le-
vel, as well as the structure of the SAM and its ability to reacti-
vate at germination will be exploited to elucidate meristem
formation and function during B. napus embryogenesis in vivo
and in vitro.Acknowledgements
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